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- ABSTRACT

UPERCRITICAL CO; (SC-CO,) extraction of oilseeds is

a2 viabie aiternative 10 expelier and/or hexane extraction
methods. Petroleum solvents lack the desired solute specificity
and often require extensive downstream refining to produce
quality oil and meal. At 50°C and 8,000 psi, triglycerides are
only partially soluble in SC-CO,, while at 80° and 12,000
they are compietely miscible. A semicontinuous CO,
extraction system is described thar empioys recycling SC-CO;
at 3,000 psi to allow for flexibility in extraction of several
vessels, cither in series or paraliel, ‘

Characterization of crude soybean, corn, and comonseed
oils extracred under these conditions, show no increase in
free fatry acids, phospholipids, or color at these higher
extraction temperatures and flavor quality is maintained. By
increasing SC-CO; extraction conditions (1600 gm flakes,
0.5-0.75 Ibs CO,/min) from 50° C and 8,000 psi 1 80° C and
12,000 psi, extracrion times are reduced from several hours
to as lirtle as ten minuzes. SC-CO; extraction of cononseed
ar 80° C and 12,000 psi yieids crude oil having 1.2 per cent
weight free farry acids and 2 Lovibond red of 20 (5-14” depth).
SC-CO, exmacted cottonseed oil shows no tendency w©
undergo color fixatdon while in swrage.

Because of their low gum conitents, SC-CO, extracted soy
and corn oils can be steam refined © yield 3 biand flavor-stabie
edibie oil. Although SC-CO-, extracted cottonseed is wo dark
for steam refining, the crude cottonseed oil can be refined
with 0.1 per cent excess of ten per cent caustic o yvield 98
per cent neurral oil.

INTRODUCTION

There has been a great deal of interest in supercritical fiuid
mchnmogymthepanmymucvidcncedbymesdcndﬁc
literature and popular ardcies in numerous news journals. One
of the more active areas invoives the exmraction of oilseeds
(1-16) with supercritical carbon dioxide (SC-CO,). Because
Cozspmmﬂymedmfoodpmd\xtssuchaswbomted
beverages, it is generaily regarded as 2 safe solvent (GRAS) for

extraction of 2 variery of agricuitural products, including

oilseeds. Additional advantges of SC-CO; include: its low
cost, lack of fammability, and case of separation from
extracted products by phase separation.

EXPERIMENTAL

Process Considerations

The most exuaordinary propexty SC-CO; exhibits is its
2bility 10 dissolve seed oils in ail proportions at temperatures
above 80° C and pressures of 12,000 psi (figure 1). During
the supercritical extraction of the seed oil, the measured
solubilities will ke on finite values which are considerably
less than the potential solubility of the oil in the dense gas
phase. This is because the recorded solubilities are 2 function
of the ratio of available oil in the seed to the SC-CO, present
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in the extraction vessel.

For exampie, if the extraction vessel conained 100 g of soy
flakes (20 per cent weighe oil) and 100 g of SC-CO,, the
maximum measured solubility wouid be 20 per cent, not the
theoretically possibie 100 per cent, as predicted by the phase
diagram.

To illustraze this phenomenas, an experiment was conducted
in which six one-inch O.D. x 22 inch-high pressure tubes
were filled with soybean flakes and placed in series with
respect © the flowpath of the SC-CO,. Extraction was
commenced at 12,000 psi and 90° C and under these
conditions the initdal flux of the oil ino the SC-CO,
produced 2 maximum sotubility (wt. oil/wt. oil + wt. CO4
passed) of 20.5 per cent. Upon reaching a2 quasi-sieady staze,
the extraction experiment yieided an average solubility of 13.6

per cent, an amount sdll below the theoretical maximum oil
solubility in SC-CO,.

This level of recorded solubility remained fairly consmnt
throughout the extraction run until ubes five and six began
10 be depieted of oil. Residual oil and moisture content of the
extraction tubes are reported in Table I. Nowe that the qil
content of the residuai meai ranged from a vaiue of 0.91 per
cent in tube one w 17.98 per cent in tube six.

A similar experiment was also conducted using N, inigally
at 2 pressure of 12,000 psi and 90° C. Under these conditions,
soybean oil is only sparingly solubie in the gas phase; hence
the amoumnt of oil vented from tube six in the nitrogen stream
was negligible However, when the N, flow was terminated,
and CO; flow commenced into the extractor tubes, the oil
flux into the supercritical fluid phase was initially enhanced
10 2 maximum level of 43 weight per cent, due w0 the CO,
contacting fresh oil 2s it moved through the seed bed.

These resuits document the appreciable solvent power of
$C-CO; and the importance of the ratio of extractant o
solvent (gas) in the extractor vessel. Residual 0il and moisture
analysis on the six extraction tubes utilized in the laner

_experiment are given in Tabie L.

Referring again to Figure 1, it is obvious that at temperatures
below 55° C the solubility of trigiycerides in SC-CO, is
limited 2nd shows 2 decreasing rate of increase at higher
pressures. However, above 60° C the solubility increases
rapidly with pressure, and at 70° C and 830 bar the verticality
of the solubility curve indicates torai miscibility. At 80° C and
about 760 bar; the same trend is recorded.

Dan from experiments conducted in 2 stirred autociave
further substantiate the solubility daa (15). By the time the
ideal pressure (760 bar) and temperature (80° C) are reached
in the extraction vessel, the rigiyceride is, for the most part,
already extracted from the flaked seed and has been
ansferred © the SC-CO; phase. This can be essentaily
removed with one exchange of fresh SC-CO,, assuming
essentially piug-flow with minimal mixing.



FIGURE 1: SOLUBILITY OF TRIGLYCERIDES IN SC-CO, AS A FUNCTION OF TEMPERATURE AND

PRESSURE :
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TABLE 1: EXTRACTION OF SOYBEAN FLAKES WITH SC-CO,*
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Equipment Considerations.

Because of the high solubility of seed oils in SC-CO3, it is
possibie to extract crushed and flaked or ground seed very
rapidly by passing a stream of SC-CO, through the seed
martrix at optimum extraction conditions (12,000 psi, 80° C)
(8). Lowering the pressure as the 0il-CO, solution leaves the
extracror ailows the oil to condense in 2 suimble receiver, and
the CO, may be vented, stored, or recycled. A four-liter
vessel filled with soy flakes (1600 gm) can be extracted by this
method 1 2 residual oil content of 0.5 per cent in eight
minutes at 2 CO- flow rate of 125 1 190 1/min. Energy costs
for compression and heat required for extracton are
effectively offset by toul recycie of the CO; at isothermal
conditions. Recovery of oil is achieved by mainmining a
pressure of 3,000 psi and 2 temperature of 80° C in the
receiver. The oil-lean gas (0.03 per cent oil) is recompressed
o extraction conditions and is recycled 10 the exrraction
vessel, The increased pressure assures that the oil remains in
the dense-gas phase. Most of the energy of compression is

2.3 o.s7
10.5 0. .
10.6 0.1
8.7 0.44
10.6 2.37
8.6 2.2

expended between 1,000 psi (supply-ank pressure) and 3,000
psi. Above this pressure, the refatvely dense CO, behaves
much like 2 liquid, and the costs of further compression o
12,000 psi are minimized. Likewise, the jouieThompson effect
{cooling effect) caused by decompression of the CO, from
12,000 psi to 3,000 psi in the receiver is 2iso minimized,
because it is not allowed t0 expand at pressures befow 3,000
psi where, once again, the cost of compression wouid be
considerabie.

The pressure drop is achieved by 2 variable back-pressure
relief vaive. The solute precipitates and is collected in the
receiver. The low-pressure CO,, is recycied through 2 mass-
flowmeter 1 the compressor and back through the seed bed.
The extraction is judged complete when no more solute is
collected in the receiver Based on the weight of CO, that has
passed through the mass-flowmeter, the extraction can be
easily duplicated.

The above concepts have resuited in construction of 2
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versatile extraction system (figure 2) that can be adopted w0
a variety of extraction configurations, For example, with
proper valve sequencing, it is possibie o0 flow in parallei or
series, in either direction, through the multiple extraction
vessels. The three-vessel system allows two vesseils to be in
the extraction mode while the third is being emptied and
refilled. :

The flow direction may also be reversed “momenurily” o
prevent packing of the seed bed. A second smaller auxiliary
gas supply and compressor has been integraned into the system
(figure 2), w0 replace the small amount of CO,, lost from the
closed system due to the sampiling of the extract or system
leakage. A pressure gauge equipped with a electric-contact
face, is used 1w interrupt power w the compressor and activaee
an alarm at 2 preset pressure safety below the rated system
pressure.

The high-pressure extraction side of the system consists of
all components downstream from the main compressor, up
to and including the back-pressure refief vaive (BPRV). The
minimum pressure rating of these components is 20,000 psi.
The four-liter A-286 rust resistant, steei alloy extraction vessels
are rated at 30,000 psi and are fited with seif-energizing meral
seal-ring head closures. The vessels are aiso fined with rupture
disc assembiies set at 15,000 psi. The 1/4 inch-high pressure
valves and tubing used in the assembly are rated at 60,000
psi. The low-pressure side of the system includes the receiver

(10,000 psi), the mass flow meter (5,000 psi), and 14 inch lows-
pressure valves and tubing (10,000 psi) having larger bore to
accommodiate flow rates approaching two b of COy/min at
2,500 w 3,000 psi.

Seed Preparation and Extraction Proceduse

e 22T RATOE & A Pl GELA

Qilseeds, in this case soybeans, are cracked and dehulled,
after which they are passed through flaking roils © yield flakes
with 2 thickness of about 0.01 inch. As flake thickness
increases, oil yield decreases because of the inaccessibility of
the oil to the CO, (16). Conversely, depending upon the
fineness of the particles and their oil content, biockage of flow
can result at very high soivent rates (16).

Heated Vessels A, B + C (figure 2) are filled with flaked seed
after placing a filter underneath and on top of the seed bed
to prevent particulates from being transported throughout the
system. The vessels are sealed and, with the vent vaives 15
and 30 closed, the entire system is allowed to fill with CO,
through the mass-flowmeter © ank pressure of 900 psi. Vessed
C is isolated and vessels A and B are pressurized w 12,000
psi. After extraction temperature (80° C) is reached, COy is
allowed 1o flow from the compressor through vesseis A and
B w the receiver and back to the compressor. When A is
compierely extracted, B is isofated, and the CO, from vessel
A is allowed 0 equilibrate with vessel C. The CO, is then

FIGURE 2: SEMI-CONTINUOUS SUPERCRITICAL CO2-EXTRACTION SYSTEMS
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pumped from vesset A o C until the pressure in A drops below
supply pressure. Vessel A is then vented and the extracted
soyflakes removed by vacuum. Carbon dioxide is then drawn
from the supply cylinder and compressed to compiete the
filling of vessel C to 12,000 psi. The extraction now proceeds
from B to C until B is extracted. At the same time, vessel A
is refilled with soyflake, sezled and prepared for the third step
(i.e., extraction from C t0 A), which compictes one full cycle
of this semicontinuous system.
Quality of Oils Obtined by Supercritical CO; (§C-CO2)
Extraction of Oilseeds at High Temperatures
and Pressure:

Previous reports have described the quality of oils obained
by 5C-CO, extraction of dry- and wet-miiled corn germ,

soyflakes, and cottonseed flake at low temperawures and
pressures (1 - 8). Table 2 presents the resuits of studies of these
sced oils obuined (four liter Batch Autociave) at optimum
extraction temperacures (70-90° C) and pressure(12,000 psi).
Included for comparison 10 the SC-CO, extracted oils are
typical products obtined from reliable commercial sources.
The crude-degummed soybean oil was obtined by solvent
extraction with hexane while the dry-milled corn germ oil and
cottonseed oil .were recovered with expeflers. SC-CO»
extraction of soybean and dry-milled corn germ yields crude
oils equivaient to or better than the commerciaily processed
crudes with respect to color, fatty acid content, and refining
loss.

Supercritical CO; extraction of cottonseed yields crude

TABLE 2: SC-CO, EXTRACTION OF DRY-MILLED CORN GERM, SOY FLAKES AND
COTTONSEED FLAKES AT HIGH TEMPERATURES AND PRESSURE

ST —
tamp. ¢ pud YT R PFAY phos. e Ref. lams % =y
SED. omeail
k) 123,000 70 10 2.5 3 L4 o
] 2,000 T 1 0.3 1 1.6 o
90 2,000 T 1 o.s 1 10 o
el apaller - 7® 13 o7 120 L6 e
. _Oalme-ail
70 12,0080 70 13 0.3 1 0.5 0.1
F 3 2,000 T 12 0.3 1 o.6 0.2
90 12,000 7O 12 e.3 1 e.5 0.2
Cam’l hemme
degumd - 7™ 11 8.3 = 1.0 o
suttoosesl, Claeeail
70 12,000 70 1S 2 2 1.4 0.1
] 12,0008 70 20 1.3 s Ls 0.2
90 12,000 70 20 13 b ] 3 6.1
can’l epulles - ™ 2 1.0 388 3.6 o

S oviband color soale, all valuss remd at 5~1/4" depth ecapt the cruds comsmcial
apaller catttrmest oll st 1* depeh, 1600 § cmmge, 4 litwr Batch axnclaswe (4).
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oils having much lighter colors than cither prepressed solvent
extracted or expeller-processed crudes. The latter oils are ofien
so dark that their colors cannot be matched at the 5-1/4 inch
depth in the Lovibond Colorimeter tubes and must be
marched at one inch instead. Even under the most stringent
CO; extraction conditions (i.e, 90° C and 12,000 psi), crude
cortonseed oils are light enough to be matched at the 5-1/4
inch depth. '

Free farry acid and phospholipids, the major components
contibuting to refining losses, are both recovered with crude
oils obrained by solvent extraction or expeller pressing. On
the other hand, crude oils extracted by SC-CO, have only
free farty acids. Phospholipids are essentially insolubie, as
shown by the low phosphorous contents of the
COq-extracted oils. Thus, CO;-extracted crude oils show
lower refining losses and yieid more nacural oil than solvent
or expeller crudes. The low solubility of phospholipids in SC-
CO3 may be 2 potential disadvantage because phospholipids
help proweet crude oils from oxidative detetioration in siorage
(7). Recent work has shown that the addition of phospholipids
or phenolic antioxidants improve the oxidative subility of
COgz-extracted oils (13).

Crude cottonseed oil conmins appreciable amounts of
gossypol and other dark-colored pigments (17) that must be
removed in order 1o produce an edibie product. With other
factors being equal, the extent of color removal in crude
couonseed ail is devermined primarily by the amount of excess
caustic soda empioyed in refining. In order o meet color
specifications for finished saiad oil or shorwening swcics, good-
quality cottonseed oiis may require 0.5 per cent excess caustic
sodz (17).

The dar indicating the effect of processing on the color
of crude cottonseed oil extracred with SC-CO-» at 12,000 psi
and 70-90° C are shown in Table 3. The resuits show that as
lictie 2s 0.2 per cent excess refining lye produces products
having acceptable colors.

Expeller- or soivent-extracted crude cottonseed oil may
conmin 0.2 per cent gossypol, whereas SC-CO,-extracted oil
(80° C—12,00 psi) contains about .02 per cent (6). Normaily,
the buik of the highiy colored pigments are removed during
processing. Storage of crude cottonseed oil increases color
fixation (17-18). Upon heating or extended storage, the cojors
become difficuit or impossibie 0 remove The extent of coior
fixaton in cottonseed oils extracted at 12,000 psi, at
temperatures of 60-90° C, is shown in Figure 3a. Figure 32
shows that freshly extracted crude oil (no storage) had refined
colors in the four-five Lovibond red range. After three weeis’
storage at 40° C (104° F), coior fixation occurred, but was
less severe in oils extracted at higher temperatures.

Figure 3b piots the refined coiors against the extraction ime
The extent of color fixaton is directly proportionai 0 the
residence time in the extractor (i.e., the longer the extraction
time, the greater the extent of color fixation).
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TABLE 3: EFFECT OF PROCESSING ON COLOR OF
SC-CO,-EXTRACTED COTTONSEED OIL

- T . —————— O MO (S 3/
[ pok 2 4 3 ) 4 ) 3 A 4 R h 4 3
™ 12,00 * B B 4 3% 2.0 1 o3
) 12,009 ™ 1 » s ° 3.0 1 0.3
" 12,08 » » » 3 ®® 20 B
» 132,000 ® ® B s 0 3.0 1 6.3

Satig with 06.3¢ eamsw 100 lyo.
Biesnxi 27 €. 0.5% aceivolcs cloy, emae.
“onsteziset 3 by, [0 C. .1 W B

TABLE 4: POTENTIAL SAVINGS-REFINING OF CO,-EXTRACTED
COTTONSEED OIL
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TABLE $: QUALITY OF OIL OBTAINED BY SC-CO,
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The processing of cottonseed oil obuained by SC-CO;
extraction offers some potential saving over that obrined by
expeilers and solvent-extraction methods. Tabie 4 compares
the savings realized in neurral oil yields and caustic soda costs
for a plant refining 15 mnk cars (60,000 Ibsicar) of oil per day,
240 days a year. Assumptions are that the crude cottonseed
oil conmins 1.2 per cent free fatty acids and it is 1o be refined
with ten per cent caustic soda &14°Be” with 0.3 per cent
excess for the expeiler or soivent oil, and 0.1 per cent excess
for the SC-COs-extracted oil. The cost of the refining lye is
caicuiared 10 be three cents/pound based on recent figures.
The value of refined oil is assumed to be 20 cents/pound. At

2 two per cent increase in neutral oil from SC-CO, extraction,
an additionai 18,000 pounds of oil is obtined per day valued

at $3,600, which over 2 240-day operating schedule amounts
to $864,000.

Refining of crude expeller- or solvent-exrracted cottonseed
crude at 0.3 per cent excess caustic involves 2 cost of
$1,269/day for the lye, while an excess of 0.1 per cent costs
the refiner $729, or a savings of $540/day. Similarly, over a
240-day operating year, a savings of $130,000 wouid be
realized. Thus, switching from soivent or expellers to
COy-extraction of cononseed would yield a savings of nearly
$1,000,000/year by decreasing the lye requirements and
increasing the yieid of neutral oil.

The quality of corn oil, cottonseed oil, ang soybean oil
obained it high extraction temperatures and pressure was
investigated and resuits are shown in Tabie 5. Inciuded for

FIGURE 3: COLOR FIXATION IN SUPERCRITICAL CO,-EXTRACTED COTTONSEED OIL

(a) Freshly extracted: and after 3 weeks at
104° F,

Extraction Temperature; °C

= 18 _

1o Refined with 0.2% Excass 10% Lye
En - o 3 Weeks at 40°C

2 of °

-.g;

2 . —e<
5 4}——0""7

S

> No Storage

é; 0 l 1 L !
= 50 60 70 80 a0

(b) Effect of residence time in the CO,
extractor on color fixatiom during

storage.
— 3 Weeks at 40°C
\
i A
| | !
0] 50 100 150 200

Extraction Time, Minutes

December, 1989 / OIL MILL GAZETTEER '33

m— e—— e cr = co———



comparison are finished oils extracted at 50° C and 8,000 psi.
Salad oils of good initial (0 time) quality will have a flavor of
score 7.0-8.0 on a ten-point scale (ten = bland, one =
extreme) and will score about six after four days’ sworage under
Schall oven sworage conditions (19). The resuits show that oils
of good quality can be prepared from crude oils SC-CO,
extracted at high temperatures. In addition, after four days’
storage at 60° C, most of the flavor scores exceed six. SC-
COs-exracted soybean and corn oils, because of their low
gum and free farty acid contents, are ideal for steam refining;
however, cottonseed oil is ©00 dark for sieam refining.
Lovibond colors of both caustic- and steam-refined SC-CO,
crude oils are much lighter than trading-rule specifications
(20).

No evidence was found to indicate any increase in free farry
acids, color, refining losses, or impairment of flavor sability
as a2 resuit of increasing SC-COj-extraction parameters (o
70-90° C and 12,000 psi.
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